Abstract A supercritical technique was proposed to synthesise cerate-zirconate ceramic compound by a highpressure-high-temperature batch-wise reactor system. TG thermogram of the dried powders for all samples showed three stages of weight loss. Each stage is corroborated by one or two exothermic peaks as shown in DTG signal. A complete thermal decomposition for all samples is accomplished at *977°C for 2 h. FT-IR and XRD patterns showed the traces of carbonate residue in the calcined samples is due to the incomplete combustion of intermediate compounds. The presence of secondary phases, namely, BaZrO 3 , BaCeO 3 , BaO 2 and CeO 2 as detected by XRD measurement indicates that the calcined samples are not in a single phase of cerate-zirconate compound.
Introduction
Protonic conductors of ceramic perovskite-type oxides (ABO 3 ) have captured attention of researchers worldwide for technological purpose in fuel cells, batteries, steam electrolyser, etc. The best candidate amongst them is the perovskite-type oxides of Ba(Ce,Zr)O 3 which is known to exhibit high mechanical and chemical stability along with good conductivity. This proton conductor is the best applicant as electrolyte for solid oxide fuel cells (SOFC) in the presence of hydrogen and/or water vapour at intermediate temperatures (400-750°C) [1, 2] .
Conventionally, the ceramic electrolytes have been prepared by solid-state reaction (SSR) method which employed ball-milled, repetitive grinding and high-temperature treatment (T [ 1,400°C). As a consequence, some impurities contaminations were introduced through the heat treatment process which cause sample degradation. To overcome the SSR shortcomings, wet chemical methods (WCMs) such as sol-gel, hydrothermal, co-precipitation, etc. [3] [4] [5] , are adopted to obtain the desired perovskite compound. WCMs offer fine powder morphologies with less contamination. However, this technique requires longer time and hightemperature treatment (T [ 1,250°C) to eliminate organic residues such as carbonate species; thus leads to high energy costs.
Recently, green chemistry technology introduces supercritical fluids (SCF) as one of the promising techniques in synthesising perovskite-type oxide materials. The unique properties of the SCF are the adjustment of its operating conditions as well as physical and chemical parameters (pressure, temperature, and organic solvent) which are difficult to obtain or adjust with conventional processes. The advantages of the SCF are it is a highly versatile technique in producing nano-sized powder and helps to minimise the release of carbon dioxide gas in atmosphere that contributes to massive greenhouse effect and global warming.
The widely used solvents in SCF synthesis as reported in literature are CO 2 , H 2 O, CO 2 with alcohol, and alcohol [6, 7] . Low carbon alcohols are frequently being used as solvent because they can act both as solvent and a reducing agent at supercritical condition [8] . In this present work, a high-pressure-high-temperature (HP-HT) batch-wise reactor system was used to synthesise BaCe 0. 54 O (99.9 %, Aldrich) were used as starting or precursor materials. Ethanol (95 %, HmbG) was used as solvent and reaction media. Each metal nitrate salt in stoichiometric amount was dissolved in ethanol. The mixture of the precursor materials was loaded inside a 350-mL vessel and synthesised by a HP-HT batch-wise reactor system. The temperature and pressure of the solvent were controlled at various conditions using a controller as shown in Table 1 . The amount of solvent depends on the percentage of liquid level filling or percent of reactor-free volume as reported by Ishak [9] . The facilities involved in monitoring the parameters are flow meters, temperature controller (thermocouple type-K located inside the vessel) and a back-pressure regulator (Unijin). After a fixed period of time, the vessel was transferred into a water bath to quench the reaction immediately. The obtained slurry was subjected to a vacuum suction to separate solid from the slurry. Rotary evaporator was used to evaporate the remaining solvent and the solid product was further calcined at 1,100°C at a heating rate of 10°C/min.
Sample characterization
The thermal decomposition process for the as-synthesised dried BCZY powders was analysed by thermogravimetric analyzer/differential scanning calorimeter (TGA/DSC) (TA Instrument, SDT Q600). Approximately 15-18 mg of the dried powder was placed in an alumina crucible pan and gradually heated from 25 to 1,000°C with heating rate of 10°C/min under purified air. The infrared spectroscopy analysis was performed at room temperature using FT-IR Nicolet 380 spectrophotometer. The IR spectrum was used to observe the formation of metal oxide and detect the remaining carbonate ions of the as-synthesised and calcined powders from 400 to 4,000 cm -1 . The phase identification of the samples was carried out by X-ray diffractometer (Shimadzu XRD-6000) equipped with Nifiltered and graphite monochromatized Cu-K a radiation (k = 1.5406 Å ) over a 2h range of 10 o -80 o with step size at 0.02°/s.
Results and discussion

Thermogravimetric analysis
The TG-DTG thermograms of the dried powder (T = 250 [10] also suggested that the volatilization of excess ethanol can be seen at the same range as being observed in this work.
Stage 3 at 400-977°C shows the largest weight loss of about 16-21 %. It can be devoted to the release of organic residues such as CO, CO 2 and NO x gasses [11] . At this stage, the decomposition of carbonaceous residues gives rise to the formation of oxide compounds with the release of CO 2 . There is no apparent change in the weight loss observed when the temperature is higher than 1,000°C, indicating that the decomposition of BaCO 3 and the formation of BCZY may occur. Therefore, it is expected that the minimum temperature of 1,000°C is needed to calcine the dried powders.
The possible step-by-step process of weight loss for all samples can be explained as follows:
Step A:
• Boiling point of ethanol ðC 2 H 6 OÞ ! 78 C • Boiling point of H 2 O ! 100 C
Step B:
• Vapourization of organic complexes obtained from polymerized complex reaction of metal nitrate [10] . Step C:
• BaCO 3 þ Ce 1Àx Zr x O 2 ! BaCe 1Àx Zr x O 3 þ CO 2 [12] . A summary of weight loss for all samples is presented in Table 2 .
Fourier transform infrared spectroscopy (FT-IR)
The bonding characteristics of functional groups for the as-synthesised and calcined powders were identified by FT-IR spectroscopy as shown in Fig. 2 . For the as-synthesised powders, a small absorption band around 421-1,415 and 1,380-1,358 cm -1 , respectively [13] . The presence of a small sharp peak at 816-808 cm -1 indicates that the samples consist of carbonate species as secondary phases due to decomposition of metal nitrate with CO 2 . The formation of metal-oxygen (M-O) bond in the prepared sample is represented by small sharp peak at 729-720 cm -1 for S4, S8 and C6 which is in-line with the work done by Li et al. [14] . The presence of metal oxides is noticeable for S4, S8, and P8 by the appearance of broad adsorption bands at 542-466 cm -1 . In Fig. 2b , as calcination temperature is increased to 1,100°C, the bands associated to the -OH and other organic compounds vibration became weaker and the bands for the metal-oxygen vibration became stronger. However, the presence of impurities such as nitrate species at *1,444-1,422 cm -1 [15] and carbonate residue at 861-856 cm -1 are still being detected in the spectra. Carbonate compound was formed due to the incomplete combustion of excessive organic matter with Ba(NO) 2 [13] . According to Robertz et al. and Osman et al., high calcination temperatures ranging from 1,400 to 1,500°C are needed to decompose the carbonate traces and undesired secondary phases [12, 16] . The broad absorption bands between 539 and 464 cm -1 indicate the presence of metal oxides in the samples.
X-ray diffraction (XRD) Figure 3 shows XRD patterns of the prepared powders after they were calcined at 1,100°C. All samples exhibit a mixture of respective BaZrO 3 , BaCeO 3 , CeO 2 , BaO 2 and BaCO 3 . For example, peak at 2h = 28.5°is corresponded to the BaCeO 3 (JCPDS card-220,074) and at 2h = 30°for BaZrO 3 (JCPDS card-60039). The SCF condition used in this work also produces CeO 2 and BaO 2 , which are initial compounds to form BaCeO 3 . Detailed literature survey showed that single metal oxides or/and perovskite phase can be obtained if the sample has only 2-3 metal elements such as BaTiO 3 , TiO 2 , and ZrO 2 [8, 17, 18] . For the sample consisting of four metal elements, the conditions used in SCF are not suitable and sufficient enough to produce a single perovskite of Ba(Ce,Zr)O 3 . On the other hand, the formation of BaCO 3 is due to the reaction between Ba 2?
and CO 3 2-during the calcination process. Therefore, further modification technique using a supercritical fluid that assisted with sol-gel method to produce a single BCZY phase will be applied in our future work.
Conclusion
A precursor of metal nitrate salts in stoichiometric amount was synthesised by a supercritical ethanol at different pressures and temperatures. The dried powder was decomposed at *977°C based on TG-DTG results. The analyses of FT-IR and XRD data clearly revealed that the prepared sample consists of carbonate species and secondary phase mainly individual perovskite of BaCeO 3 , BaZrO 3 , and metal oxides, respectively. The parameters of ScEtOH, particularly pressure and solubility were not desirable enough to bind the metal elements and hindered the formation of carbonate species at an early state. Consequently, the incomplete reaction produces BaCO 3 and other secondary phases. Therefore, we conclude that the conditions used in SCF in this work were not sufficient to substitute Ce into Zr site to form a single phase of ceratezirconate compound. Modification on the synthesis route is still in progress and will be reported elsewhere.
